Optical experiments were conducted on a series of organic linear chain conductors with different values of the interchain single-electron transfer integral t b , which quantifies the degree of anisotropy. Electron-electron interactions together with Umklapp scattering resulted in a correlation gap and an insulating state for small t b . An insulator-to-metal transition was observed when t b exceeded a critical value, on the order of the correlation gap E gap . The absence of a plasma edge on the insulator side of the transition for polarization perpendicular to the chains suggests that the electrons are confined to the chains. The optical features of the metallic state, when contrasted with the magnetic properties, are suggestive of spin-charge separation.
Interacting electrons in reduced dimensions exhibit an enhanced tendency toward the formation of various broken symmetry ground states, whose properties have been explored by various techniques. The "normal" state, that is, the state at temperatures above the transition temperatures of the broken symmetry states, is of interest in part because a strictly one-dimensional (1D) interacting electron system cannot be described by Fermi liquid (FL) theory, the framework of which has been the cornerstone of the theory of interacting electrons in metals and semiconductors for the last half century. The theory is based on the recognition that when interactions can be treated as a perturbation, the low-lying excitations of an interacting electron gas are the same as those of the noninteracting case, only with the energy scales renormalized. FL theory has been thoroughly tested on a variety of materials and is usually valid in higher than one dimension; one well-known exception is the normal state of the two-dimensional (2D) copper oxide-based high-temperature superconductors. The 1D state predicted by the Tomonaga-Luttinger liquid (TLL) theory (1) is characterized by features such as spin-charge separation and the absence of a sharp edge in the distribution function at the Fermi wave vector k F . It has also been suggested (2) that for a small transfer integral between chains of interacting electrons, a new state of matter may emerge where the low-lying excitations are confined to the chains and single-electron interchain transfer is not possible but where tunneling of pairs may occur. An analogous scenario has been suggested to occur in hightemperature superconductors. Additional interesting effects arise when the lattice periodicity is involved (3, 4) . In this case, electronelectron interactions together with Umklapp scattering result in a correlation gap in the charge excitation spectrum for commensurate band filling (that is, for electron density per unit cell n ϭ p/q with p and q integers). The appearance of this gap also has a marked influence on the interchain electron transfer and on confinement. The isostructural conductors, based on linear chains of the organic molecules tetramethyltetrathiafulvalene (TMTTF) and tetramethyltetraselenafulvalene (TMTSF), with different interchain counterions X (such as PF 6 , ClO 4 , and Br), have been the subject of intensive studies recently, to a large extent because of the novel concepts described above. Shortly after they were first synthesized by Bechgaard in 1979, they were found to undergo transitions to various broken symmetry ground states (such as antiferromagnetic, spin density wave, and superconducting states) at low temperatures, typically below 20 K (4 ). The states above the transition temperature, which we will refer to as T tr , are unusual. For example, the resistivity of the (TMTTF) 2 X salts has a minimum at a temperature T , which is in the range ϳ100 to 300 K. Below T , but above T tr , increases with decreasing T. In contrast, the (TMTSF) 2 X analogs display a metallic character (that is, a monotonic decrease of with decreasing T ) for T Ͼ T tr . In both groups of salts, the magnetic susceptibility is weakly T-dependent for T Ͼ T tr .
Because of a full charge transfer of one electron from the chains to each of the counterions, the band involving the chains is a quarter-filled hole band. A small amount of dimerization occurs along the chain direction (4), which splits the band into two bands, one empty and one half-filled. In the absence of electron-electron interactions, both a halfand a quarter-filled band result in a metallic state. However, in both cases, on-site and nearest neighbor Coulomb interactions result in a correlation gap (5-7 ), E gap . Whether a half-or quarter-filled scenario is a more appropriate description for the Bechgaard salts is still being debated. However, this issue will not affect the forthcoming analysis or our conclusions, because in all cases E gap refers to the minimum energy required to make a charge excitation in a system that would be gapless in the absence of correlation effects, and the concept can therefore be used in a general sense. Calculations and various experiments (8-10) have established the highly anisotropic band structure that is expected on the basis of structural characteristics. The transfer integrals in the b and c crystallographic directions (11), t b and t c , are different from each other, with t b substantially greater than t c . The small value of t c suggests that at temperatures above about 10 K ϳ t c /k B (where k B is the Boltzmann constant), which is the temperature range of interest in this report, the problem is essentially 2D, because thermal fluctuations destroy coherent transport that would result in weak three dimensionality at temperatures T Ͻ t c /k B .
The insulating state of the (TMTTF) 2 X salts has been interpreted in terms of a correlation gap, and the unusual properties of both the (TMTTF) 2 X and (TMTSF) 2 X salts were related to the TLL description before (5). The issue is, however, highly controversial; in fact, it has been argued (12) that the transport properties of the metallic state of the TMTSF analogs can be accounted for in terms of a weakly interacting FL. To address these issues, we conducted optical experiments over a wide spectral range on various examples of the Bechgaard salts. Our studies give clear evidence that (i) a crossover between insulating and conducting states occurs with increasing interchain charge transfer, and this transfer occurs when the unrenormalized transfer integral perpendicular to the chains is greater than E gap , (ii) this crossover is accompanied by the appearance of a welldefined plasma frequency in the bЈ direction, which may be regarded as evidence of single-electron deconfinement, and (iii) the "metallic" state is highly unusual: Most of the spectral weight is associated with gapped charge excitations, and the frequency dependence of the conductivity (for E gap Ͻ Ͻ 4t a ) is consistent with the predictions of TLL theory. Furthermore, a comparison of the optical properties to the magnetic susceptibility suggests a metallic state with separation of the charge and spin excitations.
Crystals were grown by electrolytic methods, with currents adjusted so as to result in large single crystals (13) . The optical reflectivity was measured in a broad frequency range for the electric field E polarized both along the a axis and along the bЈ axis (11). We have also evaluated the transport and dielectric properties at 100 GHz along the chains using a resonant technique (14 ) .
The optical results presented here are in broad agreement with previous, less detailed studies (15, 16 ) , and they include frequencies below the conventional optical spectral range. Our results on the (TMTSF) 2 X salts were reported in recent works (17, 18) ; here, we include data on (TMTTF) 2 X salts as well. The various experiments, when taken together, establish a gap for the charge excitations in the (TMTTF) 2 X salts and a gap feature together with a zero-frequency mode for the (TMTSF) 2 X salts.
The optical reflectivity measured in all salts for both polarizations is displayed in Fig. 1 . In all cases, T Ͼ T tr . We performed a standard Kramers-Kronig analysis to obtain the conductivity ( ϭ 1 ϩ i 2 ) from the reflectivity. The real part of the conductivity 1 for the electric field polarized along the chains is shown in Fig. 2 . The optical conductivity of the (TMTTF) 2 PF 6 salt displays several transitions with large absorption features due to lattice vibra- Fig. 1 (left) . Optical reflectivity measured with the electric field polarized along (A) the a direction and (B) the bЈ direction, for temperatures above the phase transitions to the broken symmetry ground states in the (TMT TF) 2 X and (TMTSF) 2 X salts. The counterions are indicated in the figure. In the case of E polarized along the bЈ direction, no plasma edge is observed for the (TMT TF) 2 X salts, but it is present for the (TMTSF) 2 X salts. Fig. 2  (right) . On-chain optical conductivity of (A) (TMT TF) 2 PF 6 , (B) (TMT TF) 2 Br, and (C) (TMTSF) 2 X salts above the transitions to the broken symmetry states. The arrows indicate the gaps observed by dielectric response (E gap ), dc resistivity (E gap dc ), and photoemission (E gap ph ).
tions. Although it is clear that the optical properties are that of a semiconductor, with a gap for the charge excitations, evaluation of the magnitude of the gap, based on the optical spectra, is highly problematic. Thus, the results of other measurements were used to evaluate the correlation gap. The dc conductivity (19) can be well fitted to the expression dc ϭ 0 exp[ϪE gap / (2k B T )], resulting in a value of E gap ϭ 700 cm Ϫ1 (20) . The low-temperature dielectric constant () measured at 100 GHz is 100, and use of the equation ϭ 1 ϩ ( p /E gap ) 2 (where p is the plasma frequency) resulted in a value of 600 cm Ϫ1 for the gap. Photoemission experiments (21) result in a gap of 1600 cm Ϫ1 . All of these values indicate that the features in the conductivity around 300 cm Ϫ1 are not due to excitations across the correlation gap but are due to phonons-the conclusion also reached by Pedron et al. (16 ) in their analysis of the room-temperature optical spectra. These results also suggest that the feature in 1 () near 800 cm Ϫ1 is associated with E gap ; this is supported by the fact that this feature has the correct spectral weight (22) . The different gap values obtained for (TMTTF) 2 PF 6 are displayed in Fig. 2A . For the (TMTTF) 2 Br salt, both the measured dielectric constant, ϭ 500, and the low-lying optical feature give similar values for E gap , where the maximum of the optical conductivity at 400 cm Ϫ1 was taken to be the value of E gap (23) . Because the band is partially filled, the charge gap in both of the (TMTTF) 2 X salts is interaction induced.
The optical properties of the (TMTSF) 2 X analogs, for which the dc conductivity gives evidence for metallic behavior down to low temperatures [to the transition to the spin density wave state at T SDW ϭ 11.5 and 6 K for the (TMTSF) 2 PF 6 and (TMTSF) 2 ClO 4 salts, respectively], are markedly different from those of a simple metal. A well-defined gap feature around 200 cm Ϫ1 and a zero-frequency mode (17, 18) are observed. The combined spectral weight of the two modes is in full agreement with the known carrier concentration of n ϭ 1.4 ϫ 10 21 cm Ϫ3 and a band mass that is very close to the electron mass. For both (TMTSF) 2 X salts, the zero-frequency mode has a small spectral weight on the order of 1% of the total. Nevertheless, this mode is responsible for the large metallic conductivity.
The reflectivity, measured with the electric field polarized in the bЈ direction, is displayed in Fig. 1B . In contrast to the sharp plasma edge observed in all of the salts with E parallel to the chains, we found a well-defined plasma edge only in the (TMTSF) 2 X salts (and only at low temperatures). No such feature appears in the (TMTTF) 2 X analogs.
Next we discuss these findings and relate them to the theoretical concepts advanced for weakly coupled chains. There is a well-established order for t b among the four salts investigated. The (TMTTF) 2 X analogs are more anisotropic, and the transfer integrals are approximately given by t a :t b :t c ϭ 250 :10 :1 meV (4). For the (TMTSF) 2 X analogs, the transfer integrals are about 250:25 :1 meV. The values for both groups of salts are in broad agreement with tight-binding model calculations (24) . However, band structure calculations do not have sufficient precision to distinguish between the interchain transfer integrals within the (TMTTF) 2 X and (TMTSF) 2 X groups. Because t b increases substantially with increasing pressure, pressure-dependence studies can be used to arrive at the relative values of t b . For example, among the (TMTTF) 2 X salts, weaker interchain coupling for (TMTTF) 2 PF 6 than for (TMTTF) 2 Br was established by showing that applying enough pressure to the PF 6 salt results in properties that are virtually identical to those of the Br salt. Similar studies show that the (TMTSF) 2 ClO 4 salt has stronger interchain coupling than (TMTSF) 2 PF 6 . Sufficient pressure also causes the (TMTTF) 2 Br salt to behave like (TMTSF) 2 PF 6 . To arrive at a scale for t b , we took the calculated values as averages for the (TMTSF) 2 X and (TMTTF) 2 X salts, respectively, and assumed that pressure changes t b in a linear fashion. The positions of the various salts along the horizontal axis of Fig. 3 reflect this choice, with pressure values taken from the literature; such a scale has been widely used when discussing the broken symmetry ground states of these materials (4).
The solid line in Fig. 3 represents the overall behavior of the correlation gap. The decrease going from the (TMTTF) 2 X to the (TMTSF) 2 X analogs may represent various factors (6) , such as the decreasing degree of dimerization and the slight increase in the bandwidth along the chain direction [as evidenced by the greater value of the plasma frequency measured along the chain direction in the (TMTSF) 2 X salts (15, 16, 25) ]. The dashed line representing 2t b (this is half the bandwidth in the tight-binding approximation) crosses the full line displaying the behavior of E gap between the salts exhibiting insulating and metallic behavior, whereas the dash-dotted line representing t b crosses the solid line between the two metallic salts. Therefore, our experiments strongly suggest that a crossover from a nonconducting to a conducting state occurs when the unrenormalized singleparticle transfer integral between the chains exceeds the correlation gap by a factor, A, which is on the order of but somewhat greater than 1.
Additional evidence for a pronounced qualitative difference between states with At b Ͻ E gap and At b Ͼ E gap is given by plasma frequency studies along the bЈ direction. As is evident from Fig. 1B , there is no well-defined plasma frequency for the insulating state, and we regard this as evidence for the confinement (26) of electrons on individual chains. Conversely, the electrons become deconfined as soon as At b ϳ E gap . This conclusion is not entirely unexpected: A simple argument (the same as one would advance for a band-crossing transition for an uncorrelated band semiconductor) would suggest that to create an electron hole pair with the electron and hole residing on neighboring chains, an energy comparable to the gap would be required. Several theories (7, 26, 27 ) suggest a strong renormalization of the relevant interchain transfer integral for coupled Luttinger liquids. These studies, however, do not take into account the periodicity of the underlying lattice and the resulting Umklapp scattering. Such scattering has a marked influ- ence on the effect of interchain transfer. Renormalization group treatment (28) of two coupled Hubbard chains results in a crossover between confinement (that is, no interchain single-electron charge transfer) and deconfinement, at At b ϭ E gap , with the value of A estimated to be between 1.8 and 2.3.
A transition or crossover from an insulator to a metal has also been conjectured by Bourbonnais (29) , on the basis of studies of arrays of coupled chains. As the transition from confined (insulating) to deconfined (metallic) states (Fig. 3) occurs somewhere between (TMTTF) 2 Br (with t b ϳ E gap /2) and (TMTSF) 2 PF 6 (with t b ϳ E gap ), we regard the agreement between theory and experiment to be excellent. It has also been suggested (18, 30) , that a renormalized transfer integral t b eff , substantially smaller than t b , is the relevant energy scale; our experiments show that this is not the case. We also note that, in the absence of pressure-dependent optical studies, it remains to be determined whether the onset of the transverse plasma edge, which we observe going from the (TMTTF) 2 X to (TMTSF) 2 X salts, coincides with the insulator-to-metal transition found in transport (31) and nuclear magnetic resonance (NMR) measurements (32) . Although optical experiments under pressure are difficult to conduct, studies of the pressure dependence of the dielectric constant, combined with dc transport data, could clarify this issue.
The existence of a gap feature in the metallic state, containing nearly all of the spectral weight, is at first sight similar to what is expected for a band-crossing transition for simple semiconductors, which would result in a semimetallic state. However, the nearly temperature-independent magnetic susceptibility (4 ), which gives strong evidence for a gapless spin excitation spectrum (this has often been interpreted as a Pauli susceptibility or as the susceptibility due to a large exchange interaction), demonstrates that the state is not a simple semimetal. The existence of a gap, or pseudogap in the charge excitations with the absence of a gap for spin excitations, indicates charge-spin separation in the metallic state. This charge-spin separation is distinct from that of a 1D TLL, in which both excitations are gapless but have different velocities. Here, Umklapp scattering resulted in gapped charge excitations. The nature of the metallic state may be close to that of a doped 1D Mott-Hubbard semiconductor (33) , where, in this case, the interchain transfer resulted in deviations from half-(or quarter-) filling on each chain and therefore had an effect similar to doping. Indeed, calculations (30, 34 ) based on doped Hubbard chains resulted in a gap feature and a zerofrequency mode with a small spectral weight.
Additional evidence for an unusual metallic state comes from the frequency dependence of the finite energy mode. At frequencies greater than t b , interchain electron transfer is irrelevant and calculations based on the 1D Hubbard model should be appropriate. Such calculations result in a frequency-dependent conductivity for frequencies greater than E gap (30):
For a semiconductor without correlations, ␥ is equal to 3. Our results for frequencies greater than both t b and E gap but less than the on-chain bandwidth 4t a , which are shown in Fig. 4 , can be described with Eq. 1 with an exponent ␥ ϭ 1.3 for both (TMTSF) 2 X compounds. This suggests that, at finite energies, 1D correlations result in renormalization of the density of states. The exponent can in principle be used to obtain the Luttinger liquid parameter K , which controls the decay of all correlation functions (18, 30, 35) . From our value for ␥ and the assumption that quarter-filled band Umklapp scattering is dominant, we obtained K ϳ0. 23 (18) , which is in reasonable agreement with photoemission (21, 35) and transport data (31) .
Our experiments raise several important yet unresolved issues. The first is related to the relevance of calculations based on the doped 1D Hubbard model. In the calculations, the zero-energy mode is associated with dopinginduced soliton excitations. Although interchain single-electron transfer between chains may also result in "self-doping" of individual chains, the nature of the low-lying excitations of coupled chains is not yet resolved. Second, although our experiments suggest an unusual frequency-dependent conductivity in the highfrequency 1D regime, whether the value of ␥ we obtain is in agreement with the parameter range given by the theoretical models remains to be seen. The third is related to concept of deconfinement. Although our experiments result in good overall agreement with calculations based on two coupled chains (28) , it is unclear whether a theory involving an infinite network of chains results in the same condition for deconfinement (29) . Moreover, we have not discussed temperature-dependent effects and the possibility of a crossover with increasing temperature to Luttinger liquid behavior at low frequency. The absence of a well-defined plasma frequency at room temperature may be related to such a crossover, which was inferred from NMR (32) and transport (31) studies.
